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due to short-term variations
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• doesn’t require estimates of 
forcing or OHC 

• does require model-derived 
relation between short- and 
long-term λtotal 
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ΔRtemp + ΔRwv + ΔRclouds + …
Estimate ΔRx using radiative kernels
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Regress ∆Rx vs. ∆Ts

Slope = feedback λx 
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x = Planck, lapse rate, cloud, etc.
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ΔRtotal = ΔF + λtotal ΔT 

ΔRtemp + ΔRwv + ΔRclouds + …

λtotal = λtemp + λwv + λclouds + … 

Estimate ΔRx using radiative kernels

examine λtotal budget for in control 
and RCP8.5 models & obs.
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Feedbacks
• Held and Shell decomposition  

[J. Climate, 2012]
• λx is change in TOA flux (per degree) due to:

– Planck: uniform warming of surface and 
atmosphere, with specific humidity changing to 
keep relative humidity constant

– Lapse-rate: differential warming of the surface 
and atmosphere, constant RH

– ΔRH: change in RH
– albedo & clouds: change due to changing 

surface albedo and clouds
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error bars on models are 95% confidence intervals
error bars on ensemble avg. are 2 std. dev.

1. Agreement between control runs and  
MERRA obs. gives us confidence

2. Planck feedback is set by pattern 
of surface warming; we should have 
high confidence in RCP8.5 models

3. RH is roughly constant, so feedback 
is expected to be near zero

4. Temperature and WV effects cancel; 
this leads to a small feedback

5. ice melts at 0°C; feedback should 
be positive

We should have confidence in models’ ability to 
simulate these feedbacks in response to long-term 

warming



• Planck+LR+RH+albedo = Fixed-cloud λtotal 
• RCP8.5 λtotal,fixed-cloud = -1.87±0.20 W/m2/K 
• translates to ECS of 1.8-2.2°C ≈ 2°C 
• clouds add on to this …



Chen Zhou et al., in prep.





• good agreement between ensemble avg. of 
control models and observations of λcloud



• given that, hard to imagine that the models are 
completely wrong on the cloud feedback

• good agreement between ensemble avg. of 
control models and observations of λcloud



• given that, hard to imagine that the models are 
completely wrong on the cloud feedback

• good agreement between ensemble avg. of 
control models and observations of λcloud

• arguments exist why individual elements of 
cloud feedback should be positive



• given that, hard to imagine that the models are 
completely wrong on the cloud feedback

• good agreement between ensemble avg. of 
control models and observations of λcloud

• arguments exist why individual elements of 
cloud feedback should be positive

• long-term cloud feedback very likely positive; 
best estimate ≈ 0.7 W/m2/K



Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K

Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K
• translates to ECS of 1.8-2.2°C 

Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K
• translates to ECS of 1.8-2.2°C 
• λtotal = λtotal,fixed cloud + λcloud

Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K
• translates to ECS of 1.8-2.2°C 
• λtotal = λtotal,fixed cloud + λcloud

• if λcloud = +0.7 W/m2/K, then ECS ≈ 3.5±1.6°C

Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K
• translates to ECS of 1.8-2.2°C 
• λtotal = λtotal,fixed cloud + λcloud

• if λcloud = +0.7 W/m2/K, then ECS ≈ 3.5±1.6°C
• if λcloud > 0 W/m2/K, then ECS > 2°C

Back of envelope calculation



• λtotal,fixed-cloud = -1.87±0.20 W/m2/K
• translates to ECS of 1.8-2.2°C 
• λtotal = λtotal,fixed cloud + λcloud

• if λcloud = +0.7 W/m2/K, then ECS ≈ 3.5±1.6°C
• if λcloud > 0 W/m2/K, then ECS > 2°C

This is at least “likely” and  
perhaps “very likely”

Back of envelope calculation



Conclusions
• analysis of CERES TOA flux & models 

implies ECS of 3.0±1.4°C (very likely range) 
• With fixed clouds, we can have high 

confidence in ECS of 1.8-2.2°C 
• Evidence of positive cloud feedback is at 

least likely, suggesting in turn that ECS > 
2°C is also at least likely
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 λtotal = -1.06±0.49 W/m2/K 



 λtotal = -1.06±0.49 W/m2/K ECS = 3.5±1.6 K


